Freeform mirrors can be readily fabricated by a single point diamond turning (SPDT) machine. However, this machining process often leaves mid-frequency errors (MFEs) that generate undesirable diffraction effects and stray light. In this work, we propose a novel thin electroless nickel plating procedure to remove MFE on freeform surfaces. The proposed procedure has a distinct advantage over a typical thick plating method in that the machining process can be endlessly repeated until the designed mirror surface is obtained. This is of great importance because the sophisticated surface of a freeform mirror cannot be optimized by a typical SPDT machining process, which can be repeated only several times before the limited thickness of the nickel plating is consumed. We will also describe the baking process of a plated mirror to improve the hardness of the mirror surface, which is crucial for minimizing the degradation of that mirror surface that occurs during the polishing process. During the whole proposed process, the changes in surface figures and textures are monitored and cross checked by two different types of measurements, as well as by an interference pattern test. The experimental results indicate that the proposed thin electroless nickel plating procedure is very simple but powerful for removing MFEs on freeform mirror surfaces.
INTRODUCTION
Mid-infrared (IR) light has been used extensively for astronomy, as well as for sensing, security, and military applications. It is known that refractive optical systems are not suitable for observations of mid-IR radiation from space, because of the large chromatic aberration caused by the dispersion of lens materials. Furthermore, there is no optical material that is suitable for an achromatic lens that covers the whole IR range of interest. In addition, refractive optics are not appropriate for large-sized astronomical observation systems because the optical mounts required to fix such heavy lens become fragile around cryogenic temperatures [1] . These issues can be solved by employing reflective optical systems. However, typical on-axis reflective telescopes, such as Cassegrain-type ones, have intrinsic deficiencies caused by secondary mirror obstruction. The resultant stray light, scattering, and diffraction generate undesirable photon noise in observed optical signals [1] [2] [3] .
In contrast, these problems do not exist in obstruction-free, off-axis reflective systems because the optical paths are all in free space and, thus, are not subject to obstruction. They can be applied to a payload on microsatellites or sounding rockets for wide-field mid-IR observations, e.g., diffuse interstellar media or cosmic background radiation in the mid-and far-IR wavelength regimes [4] [5] [6] [7] . In addition, off-axis reflective systems can be adopted to a fore-optics system for ground-based astronomical IR spectrographs [8] .
Although off-axis reflective telescopes are free from secondary obstruction issues, linear astigmatism can cause serious image degradation if they are not properly designed [9] [10] [11] [12] .
It was revealed that this linear astigmatism can be completely eliminated in a confocal off-axis reflecting telescope with a certain combination of mirror curvatures, distance between mirrors, and incident angles of the optical axis ray (OAR) based on a new geometrical aberration theory [9, 10, [13] [14] [15] . Applying this theory, we have developed a proto-model of a Schwarzschild-Chang type off-axis telescope, where a very wide field of view (8.2°× 6.2°) can be realized with only two reflective mirrors. Figure 1 shows the side view of the telescope. The entrance pupil diameter (EPD) of this telescope is 50 mm and the focal ratio is 2 [16] .
An off-axis mirror based on a conventional coaxial off-axis reflective system can be readily manufactured by cutting a small part of conic section from a large aspheric parent mirror. In this case, finding the optimum machining condition is relatively easy because the parent mirror is axially symmetric. However, this method is not applicable to our off-axis mirror case because the mirror is no longer a part of the axially symmetric parent mirror. From a machining point of view, its sophisticated surface should be created from a raw freeform mirror surface [17] [18] [19] . Thanks to the advances of single point diamond turning (SPDT) technology, freeform mirrors can be directly manufactured by an ultraprecision diamond turning machining process [20] [21] [22] [23] [24] .
The spatial errors made on the optical surface are the primary factors determining the optical performance of the fabricated mirrors. These errors can be categorized into the following three subgroups [25] [26] [27] [28] [29] [30] .
(1) Low-frequency error (LFE) indicates how well the machined surface figure fits into its designed shape. It is represented by peak-to-valley (P-V) or root mean square (RMS) values. In the mid-IR range, the size of LFE is a few micrometers or less and is usually calculated by measuring the whole surface in spatial frequency of μm −1 .
(2) Mid-frequency error (MFE), commonly known as tool marks or turning marks, is the concentric ripples on the surface. The scale of MFE is tens of nanometers, which corresponds to tens of μm −1 in spatial frequency. This error originates from the spiral path of the diamond tool left on the turning material. The grating-like patterns produce diffraction and interference effects.
(3) High-frequency error (HFE) is described as the surface reflectivity and is responsible for loss of signal due to surface scattering. It is generally indicated via the central line averages of surface roughness (Ra) or RMS values of surface roughness (Rq) on a scale of the order of a few nanometers for local region of a few hundreds × a few hundreds μm 2 in spatial frequency of nm −1 .
Among these errors, MFE can generally be removed by mechanical polishing after the SPDT process, but polishing of the soft surface of ductile aluminum is very difficult because the polishing process inevitably degrades the elaborate figure of the mirror surface. Many polishing techniques have been used to remove MFE, such as ion beam figuring (IBF), magnetorheological finishing (MRF), abrasive or fluid jet polishing (AJP or FJP), computer-controlled optical surfacing (CCOS), and chemical mechanical polishing (CMP) [29, [31] [32] [33] [34] [35] [36] [37] . These common polishing techniques use a thick (more than a hundred micrometers) electroless nickel plated aluminum mirror, except CMP, which is direct polishing of symmetric surfaces on bare aluminum [37] [38] [39] . However, these traditional methods are focused on the polishing technique for planar and aspheric mirrors; our paper will concentrate on the simple and effective procedure for an asymmetric freeform mirror.
In the case of a freeform surface, there are the challenges of using on-machine measurement and compensation machining. Because of that, in SPDT machining of a freeform surface, it is extremely difficult to find the optimum machining conditions during just a few repetitions. If SPDT machining is not finished during a few repetitions and the limited dimension of the nickel plating is consumed, the plating process must be repeated. As an attempt to avoid the repetition of plating and the limit of SPDT machining in a typical thick plating method, we suggest a novel thin plating procedure as explained in the following section. This procedure can repeat the SPDT machining without limit and this benefit allows simplification of the manufacturing procedure. Furthermore, this procedure also reduces the bimetallic effect and can be more stable than a traditional thick plating procedure [40] .
In this paper, we propose and demonstrate a thin electroless nickel plating procedure to fabricate freeform mirrors. We will compare our procedure with typical methods used to make the freeform mirror of a Schwarzschild-Chang-type off-axis telescope and analyze the fabrication results. Because we concentrate on the practicality of the thin plating procedure, our experiment is performed only for the secondary mirror, which has a larger diameter than the primary mirror.
FABRICATION OF A FREEFORM MIRROR A. SPDT Machining
We chose Al6061-T6 aluminum alloy for the material of the freeform mirrors and use a three-axis ultraprecision CNC diamond turning lathe, Nanotech 450 UPL (Moore Nanotechnology Systems, USA) with a slow slide servo [41] . An aerostatic spindle (c axis) is used to rotate a mirror and an x-axis linear servo rotates on a hydrostatic bearing for lateral movement of the spindle. Also, a z-axis linear hydrostatic servo is controlled by a function of the x and c axes to generate a depth profile for an asymmetric surface. Rotation of the c axis is controlled at a low speed of about 50 RPM so that we can control the three axes to synchronize the spin of the c axis and the position of the diamond bite.
B. Electroless Nickel Plating and Baking
Several materials and methods can be used to improve the hardness of a mirror surface for the polishing process. We chose an electroless nickel plating that contains a few percent of phosphorus (hereafter Ni-P plating) on the aluminum (Al6061-T6) surface. In addition, we baked the Ni-P plated mirrors to increases the surface hardness. We also measured the relationship between hardness and baking time. The Ni-P plated samples were baked at 200°C with time duration of 0 (unbaked), 3, 6, 9, and 12 h. A micro-hardness tester, HM-122 (Mitutoyo, Japan) was used under conditions of a test force of 1961 mN with a load dwell time of 15 s. Figure 2 shows the hardness test results of the Ni-P plated mirror surfaces with different baking conditions. We measured five points for each mirror and derived the uncertainty of the measurements. The hardness of an Al-6061-T6 is approximately 80. The hardness of the mirror surface was increased more than 6 times by the Ni-P plating process. After the baking, the hardness was increased 5%-10% compared with the unbaked Ni-P plating aluminum surface (see Fig. 2 ). From the experiment, we conclude that 8-10 h baking time is suitable.
C. Sequences of Two Different Manufacturing Procedures
The flowchart in Fig. 3 shows sequences of two different procedures to fabricate the freeform mirrors and to remove MFE. The procedure along the left sequence is that commonly used in optical machining to manufacture a freeform mirror with a thick Ni-P plated (more than 100 micrometers in thickness) aluminum alloy [27, 29, 39] . First, the best fitted spherical surface of our freeform surface was fabricated with aluminum alloy. We performed the first SPDT process with rough cutting because our mirror design has huge differences from the best fitted spherical surface, as shown in Fig. 4 . After that, we plated Ni-P of 100 μm thickness on the diamond turned surface. At the second SPDT process, one rough cutting and several fine cuttings were executed to find the optimum cutting condition that satisfies the LFE tolerance limit. Finally, we performed polishing to remove MFE. However, this 100 μm procedure is not suitable for a freeform mirror. The minimum required cutting depths of SPDT processes are 20-30 μm for rough cutting and 5 μm for fine cutting. Different from flat, spherical, and aspheric surfaces, for which the compensation machining process can be used, machining of freeform surfaces is extremely difficult since it is hard to find the optimum machining conditions during just a few Table 1 .
Research Article machining processes. So, we should return back to the first SPDT process if the Ni-P plating is exhausted and the LFE does not satisfy the requirement. Furthermore, it is also difficult to plate very thick Ni-P.
For these reasons, we plated Ni-P of 5 μm thickness instead of the common thick Ni-P plating. This procedure is described on the right side of Fig. 3 . This procedure also starts with the fabrication of the best fitted spherical surface of the freeform mirror. However, different from the 100 μm procedure, thin plating has little effect on the surface figure of the bare aluminum. Hence, SPDT machining on a bare aluminum surface can be repeated without limit until the desired surface figure is obtained. After the fine SPDT, we plated Ni-P on the aluminum surface with 5 μm thickness. Since the uniformity of thickness of the Ni-P plating is critical to keep the surface figure, we checked the change of LFE before and after the baking and polishing processes (see Section 3).
D. Manual Polishing of the Freeform Mirror
We applied a manual polishing technique with a commercial air polisher, abrasive material, and polishing pad. The size and the tilt angle of the polishing head are 17 mm and 45°, respectively. We used a metal polishing cream containing 25% of abrasive material. We performed first polishing with 200 RPM to remove the interference patterns on the mirror surface. After the first polishing, we performed fine polishing with 10,000 RPM.
MEASUREMENT A. Contact-Type Measurement
During the SPDT, Ni-P plating, and polishing sequences, we checked the change of LFE and MFE using an ultrahigh accuracy 3D profilometer (UA3P, Panasonic Corp., Japan). UA3P measures a surface using an atomic force probe, which can measure the surfaces of any material without damage due to its low measuring pressure [42] . At each machining process, each mirror was measured on more than 1.7 million points with 1 μm pitch for accurate measurement and analysis. The P-V and RMS values in Table 1 represent the measured LFE changes of the freeform mirrors.
We calculated the power spectrum density (PSD) to quantify the MFE of the freeform mirrors [29, 43] . The fast Fourier transform (FFT) of a surface height, H f , is defined as
where a is the total width, x is the position of the surface, and hx is the height at position x. Figure 5 shows the analysis results. The red line indicates the unpolished freeform mirror, while the blue and green lines are polished surfaces of the 100 and 5 μm procedures, respectively.
B. Noncontact-Type Measurement
The changes of MFE and HFE by the polishing process were also measured using NT 2000 (Wyko Inc., USA) which is a noncontact optical surface profilometer based on a Mirau interference microscope. The vertical resolution of this equipment is 0.1 nm [44] . Figure 6 shows the surface images of freeform mirrors obtained by the NT 2000. These images indicate the HFE values of a local region in Ra units, but we can also estimate the MFE patterns on the freeform surfaces. We checked the change of MFE using the NT2000. However, we did not perform the PSD analysis using the data obtained from the NT2000 because it measures a more localized region of the mirror surface; it does not provide a large enough number of data points for PSD analysis. Before the polishing process, the SPDT marks on the mirror surface can be clearly seen in Fig. 6 (a) and the Ra of the surface is 7.97 nm. Figures 6(b) and 6(c) show the surfaces of the 100 and 5 μm plating procedures, respectively. The Ra values of these surfaces are 3.9 nm (100 μm plating) and 13.5 nm (5 μm plating). We can find plenty of pits appearing in the polished surface of the 5 μm Ni-P plated mirror in Fig. 6(c) .
C. Diffraction and Interference Pattern Test
The MFE around the center of the mirror is a rotationally symmetric signature, like concentric circles, while that at the edge of the mirror looks like a parallel grating [25] . In order to detect this grating pattern and estimate the size of the MFE using a simple grating equation, we checked the mirror region 25 mm away from its center with a visible light source (wavelength 650 5 nm). A pinhole and a neutral density filter, respectively, are used to obtain a Gaussian beam profile and a power level suitable for measurements. Figure 7 shows the schematic of the interference test. The angles of the incident (α) and reflected (β) ray are 33.48°and 20.62°, respectively. Also, the distances from laser to mirror and mirror to screen are 167 mm and 125 mm, respectively. If the MFE on the unpolished mirror works like a grating, we can estimate the width of the MFE by the following grating equation:
where λ is the wavelength of light, m is the grating order, and σ is the groove density of the grating, which is consistent with the reciprocal of the width of the MFE. Also, α is the incident angle of the ray and β is the angle of the ray reflected by the grating. Figure 8 shows the interference test results.
RESULTS AND DISCUSSION

A. Change of LFE
The LFEs of the 100 and 5 μm Ni-P plating were measured using UA3P. As shown in Table 1 , the LFE values of the freeform mirrors were measured in P-V and RMS values. The LFE of the 100 μm Ni-P plating mirror is very poor because the SPDT machining process of this procedure is limited by the thickness of the Ni-P plating. The LFE was slightly decreased during the polishing process, but it was too large to be compensated. In the case of the 5 μm procedure, P-V values change during processes. We expect that the change of the P-V value is attributed to the pits and nodules produced during the plating process. The P-V value appears to be improved after the plating, but this is because the pits and nodules occupy a very small area and, thus, were not detected during the UA3P measurement. Based on the measured RMS values, the change in LFE is negligible. Finally, as shown in Table 1 , we confirmed that the RMS values for the two different procedures are enhanced or maintained during the entire process.
B. Change of MFE
The changes of MFE are verified by three different methods.
(1) PSD analysis using FFT of the UA3P measurement data. The red line in Fig. 5 indicates the PSD analysis result respectively. The peaks disappear and the PSD curves are slightly decreased by the polishing process. The PSD result shows the traditional 100 μm procedure has slightly less MFE than our 5 μm procedure after manual polishing. However, the disappearance of harmonic peaks in the PSD analysis results show that the MFE on the freeform mirror has been reduced significantly.
(2) Evaluation of the randomization of the SPDT marks on the freeform surfaces by the NT 2000. Although minute MFEs remain on the surface in Fig. 6(c) , they are significantly diminished and seem to be mostly randomized as compared with Fig. 6(a) . We ascertain that SPDT marks are mostly changed to the randomized patterns by the polishing process, as shown in Fig. 6 .
(3) Measuring diffraction and interference patterns by optical test. The distances of interference patterns in Fig. 8(a The estimated MFE value of the PSD analysis result is not exactly consistent with the interference test. However, both of them are in the range of the measurement result of the NT 2000 shown in Fig. 6(a) . Finally, we confirmed that the MFE on the freeform mirror surfaces were successfully removed and LFEs were maintained for both procedures.
C. Change of HFE
The changes of HFE were checked using NT2000. The HFE of the 100 μm Ni-P plated freeform mirror was decreased. Although the HFE of the 5 μm plating is slightly increased by the pits on the surface which seems to be attributed to the Ni-P plating process, it is a tiny parts (less than 0.1%) of the whole surface and does not seem to affect optical performance. We expect this problem can be solved by adding a filtering equipment to plating process. 
CONCLUSION
In conclusion, we have proposed and demonstrated a thin electroless nickel plating procedure to remove MFEs from freeform mirrors. Compared with the typical method, this procedure has the advantages of a simplified sequence and unlimited SPDT machining. In our experiments, freeform mirrors were manufactured by two different procedures, and we confirmed the practicality of our suggestion. We have verified the fabrication results by three different kinds of methods:
(1) The LFE and MFE have been checked by contact type measurement.
(2) The MFE and HFE have been monitored by noncontact-type measurement.
(3) The diffraction and interference patterns that are generated by MFEs have been checked by an optical test.
We ascertained that LFEs are maintained during the entire process in both procedures.
The traditional procedure has an advantage in precision machining of symmetric surfaces because, in this case, there is no plating uniformity issue that is sensitively influenced by pits and nodules. However, the freeform mirror that was fabricated by the typical procedure did not satisfy LFE requirement due to the limitation of SPDT machining. The three different kinds of experimental results indicate that the MFEs on the mirrors have been removed and randomized. As a result of the typical thick plating procedure, the HFE was decreased. Although the HFE of thin plating is slightly increased by pitting, the proportion of this is less than 0.1% of the whole surface and does not seem to affect the optical performance in the mid-IR wavelength range. The results show that the proposed thin plating procedure can be a simple but effective solution to remove the MFE on freeform mirrors for mid-IR applications. We highlight that this proposed method can be of help in developing a freeform mirror for a confocal off-axis system that provides a wide field of view with zero chromatic aberration, no obstruction, and no linear astigmatism. 
